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TLS  Tuneable Laser Source 
VOA  Variable Optical Attenuator 
WDM  Wavelength Division Multiplexing 
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addition, these lasers are of interest for materials processing, in particular for work that for some 
reason  cannot  be  completely  enclosed.  Depending  on  the  applications  these  lasers  can  be 
operated  in  the  continuous-wave  or  pulsed  regime  but  most  often  high  power  and  narrow 
linewidth output are required. 
Power scaling of erbium doped fibres at 1.5 – 1.6 mm relies on the double-clad fibre 
structure to allow for the injection of high power pump light together with ytterbium co-doping 
[31] to enhance the pump absorption. The pump absorption is otherwise too low in cladding-
pumped Er-doped fibres, because of the modest maximum permissible Er-concentration and 
because of the low peak absorption cross-section of Er
3+. 
Indeed,  in  2003,  the  maximum  output  power  in  the  short  wavelength  range  of  the 
erbium emission band, called the “C-band”, was reported by Nilsson et al. [32]. Even though 
this was a cladding-pumped erbium-ytterbium fibre laser, it was limited to 16.8 W of output 
power  in  a  free-running  double  ended  configuration.  A  6.7 W  tuneable  fibre  laser  with  a 
linewidth  of  0.25 nm  was  also  demonstrated.  In  the  long  wavelength  range  or  “L-band”, 
Laroche et al. [33] developed a cladding-pumped Er:Yb co-doped tuneable fibre laser pumped 
at 940 nm by two beam-shaped diodes to achieve up to 29 W of output power with a broader 
linewidth of 0.6 nm. The laser was tuneable from 1561 nm to 1627 nm using an external bulk 
grating. The output beam was not diffraction limited (M
2 = 2.9). In both cases, the laser cavity 
was built using free space optics which result in bulky setups. Therefore there is a clear need to 
reach higher output power from EYDF laser and to improve the laser brightness, preferably 
using all-fibre configurations to keep the benefits of fibre lasers: compactness and small form 
factor. 
Another  interesting  feature  of  rare-earth  doped  fibres  is  their  ability  to  generate  or 
amplify light pulses to high energy levels. In previous work, 0.5 mJ pulses [34] have been 
obtained  from  a  large  core  erbium-doped  ytterbium  free  multi-mode  fibre  amplifier.  As 
discussed previously, the power and energy scaling of (Yb-free) erbium doped fibre is difficult. 
Therefore, efforts have been concentrated on erbium-ytterbium doped fibres which can be more 
easily power scaled. However, high energy extraction from EYDF had limited success. For 
example, 0.1 mJ pulses were obtained from a Q-switched erbium-ytterbium doped fibre laser 
[35]. Here, the energy stored was constrained by the small cross-sectional area of a fibre core 
close to that of a standard single-mode core. The energy available for extraction (energy stored 
in the gain medium) is defined by the number of excited ions in the active medium. There is an 
upper limit for the ion concentration in silica because of the clustering of the rare-earth ions. 
Furthermore, the output from [35] was not narrow linewidth, which restrains the application 
range of this type of source.  Chapter 1: Overview 
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An alternative to rare-earth doped fibre amplifiers is to use non-linear processes to 
amplify  the  pulse  seed  to  higher  energy.  Scattering  and  parametric  processes  have  already 
demonstrated the capability to achieve extremely high gain, e.g., more than 60 dB for a fibre 
optical  parametric  amplifier  (OPA)  [52].  Stimulated  Raman  scattering  (SRS),  is  another 
possibility, with the attraction that it is a phenomenon which does not require phase-matching. 
This is in contrast with, for example, optical parametric amplification, which is based on the 
FWM process.  
However, because Raman amplification is a weak non-linear effect, high pump power 
and / or long, low-loss fibre with tight beam confinement, e.g., single-mode fibre, are required. 
Still, [45] demonstrates that with sufficient power, multi-mode and double-clad fibres can be 
used  for  Raman  amplification.  In  the  pulsed  regime,  high  peak  powers  simplify  non-linear 
conversion while the cw regime requires high power cw pump sources. In addition, the novel 
approach of cladding-pumped fibre Raman devices has the benefit of generating an output light 
with a better beam quality than that of the pump. This phenomenon is called the “beam clean-
up” effect [43]. Of great interest is that this brightness enhancement is possible even in the 
pulsed regime. The SRS process does not store energy in the optical medium, but relies on a 
nearly  instantaneous  energy  exchange,  of  the  order  of  few  femtoseconds,  involving  optical 
phonons. The nearly instantaneous response is attractive for brightness enhancement of pulses. 
To further illustrate the differences between RE-doped and Raman fibres, Table 1.1 
summarises and compares their properties. Chapter 2: Background 
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The simplest method is to launch the pump directly into the inner cladding of the active 
fibre through one or both of the fibre ends using free-space coupling optics. Free-space end-
pumping is easy to implement in an experimental set-up and the launch efficiency is generally 
good (e.g., 80%) if the beam quality of the pump source is sufficiently high. An additional 
advantage of free-space end-pumping is that the pump power can be scaled using diode bars or 
diode stacks whilst maintaining a high launch efficiency. Sometimes, free-space end-pumping is 
the  only  practical  brightness-preserving  solution  when  the  source  and  fibre  NA  are  very 
different, for example, in the case of high-NA, small inner-cladding fibres such as jacketed air 
clad fibres which have down to 30 mm inner cladding diameters [7]. However, the launch optics 
require precise and stable alignment. Furthermore, the fibre ends are not accessible for splicing 
which means that the signal has to be accessed with free space optics (at least with double-
ended pumping). However, in commercial products all-fibre pumping schemes are preferred as 
it  reduces  or  replaces  a  number  of  bulk  optic  components,  enabling  the  construction  of 
monolithic fibre laser sources in which the light propagates within the fibre. For example, fused 
components and fibre splices cannot be misaligned (although they can still suffer from excess 
accumulated heat in some cases). 
Therefore, tapered fibre bundles (TFB) with signal feed-through [18, 19], which are 
only recently becoming commercially available, are commonly used in fibre laser. A tapered 
fibre bundle combines a fibre with a signal-guiding core and a number of pump fibres into a 
single double-clad fibre, guiding both the signal in its core and the pump in the inner cladding. 
Typically, the common double-clad fibre is not RE-doped, but is spliced to an active double-
clad  fibre.  However,  with  a  passive TFB that  is  spliced to  the  end  of  an active  fibre, this 
effectively becomes an end-pumping method. As such, the maximum number of injection points 
is limited to the two fibre ends. In addition, in high power applications, the high pump power 
intensity at the injection points can lead to thermal loading at the fibre ends and special cooling 
arrangements must be then implemented to reduce fibre damage. 
The second group of injection methods utilise some coupling mechanism that takes 
place on or along the side of the double-clad fibre. The notch coupling invented by Goldberg et 
al. [20] consists of a V-shaped groove cut into the fibre inner-cladding which is used to reflect 
the pump. V-groove side pumping allows for multiple injection points along the fibre with a 
typical launch efficiency of 75% [21]. However, the power scaling ability is poor because the 
number of V-grooves increases with power and the output power of laser diodes chips remains 
quite limited. Other side pumping methods consist of injecting the pump light through a side 
fibre in optical contact with the inner-cladding [22, 23]. This co-linear coupling is basically a 
long coupler, extended over the whole fibre where the pump and signal fibre are independently 
free and share a common low index cladding. This coupling mechanism is less prone to high Chapter 3: Principles of erbium-ytterbium doped fibre laser 
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Such fibres have predominantly ring-shaped modes, including even the fundamental 
mode. The fundamental mode will not be diffraction-limited when its shape differs strongly 
from that of a gaussian beam. To circumvent this problem it is possible to dope the fibre with 
aluminium, which is less prone to evaporation than the phosphorous during the collapse phase. 
This reduces the central dip so that a more Gaussian-like fundamental mode can be obtained. 
Fibre F225-LF69 is such an example. The central dip would be less of a problem if these fibres 
could be manufactured with a low numerical aperture. However, the high phosphorous- and 
ytterbium-concentrations increase the refractive index, already EYDFs with moderately large 
cores  are  multi-mode  with  a  typical  numerical  aperture  of  about  0.2.  Consequently,  it  is 
important to eliminate the central dip, and even then, special measures have to be taken to 
enable large-core fibres to operate in the fundamental mode. 
In addition to the refractive index profile, a number of other criteria must be considered 
in order to achieve high performance from the EYDF. Firstly, the ytterbium concentration needs 
to be high enough to efficiently absorb the pump power in a double-clad fibre. Therefore, the 
Yb  concentration  is  typically  between  10000  and  30000 ppm.  Secondly,  the  erbium-
concentration needs to be high enough to be able to create a sufficient gain per unit length 
somewhere in the 1.53 - 1.62 mm wavelength region. The Er concentration is typically from 
1000 to 3500 ppm. Finally, the overall composition must be well balanced such that the pump 
energy can be efficiently transferred from Yb
3+ to Er
3+ while avoiding the creation of high gain 
at 1 mm and excessive upconversion. Also, the signal background loss must be kept low. Our 
fibres were quite typical with background loss about 200 dB/km at 1300 nm. 
A widely accepted rule of thumb is that the best erbium:ytterbium concentration ratio is 
1:20. This is based on the work of J. Townsend which shows that this ratio gives the lowest 
lasing  threshold  in  Er:Yb  Al2O3  co-doped  fibre  [2].  However,  the  most  efficient  EYDF 
characterised by the HPFL group, e.g. [4], had a erbium:ytterbium ratio of between 1:8 and 
1:15.  With  typical  erbium  concentration  of  2000 – 3000 ppm,  this  corresponds  to  a  core 
absorption of roughly 2000 dB/m at 975 nm for Yb ions and a core absorption at 1535 nm in the 
50 – 100 dB/m range by the erbium ions. The concentration and absorption, as well as other 
characteristics of the fibres used in this thesis, are given in Table 3.1. 
 Chapter 4: Continuous-wave erbium-ytterbium doped fibre lasers 
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D-shaped in order to increase the pump absorption. The inner-cladding diameters for the long 
and short sections are 400 mm and 360 mm, respectively. The phosphosilicate core is co-doped 
with  Er  and  Yb.  It  has  a  diameter  of  35 mm,  with  a  numerical  aperture  of 0.22.  The  core 
refractive index profile is shown in figure 3.4. Finally, the fibre is coated with a low refractive 
index polymer which provides the outer cladding for the double-clad structure with an NA of 
0.48. The fibre has a pump absorption of about 4.5 dB/m at the pump wavelength of 975 nm and 
the total fibre length is L = 3.5 m. The fibre length is such that the total pump absorption is 
about 15 dB, such as to protect the opposite fibre end. The pump is launched into the inner-
cladding through the free fibre end, so that the laser is counter pumped with respect to the laser 
output. The laser cavity is formed by the 4% Fresnel reflection of the perpendicularly cleaved 
fibre end facet at the pump injection point and by a 99.9% reflectivity fibre Bragg grating in the 
other end. The grating is written in a standard single mode fibre, which is spliced to the doped 
fibre. 
In order to achieve the best matching of the fundamental-mode between the single-
mode fibre and the large core doped fibre, the latter is tapered to a suitable diameter [21, 22]. 
The single mode fibre is 1 m long and high-index coated. The purpose of this section of fibre is 
to  eliminate  any  higher  order  modes  propagating  in  the  laser  and  therefore  to  achieve  an 
improved beam quality. Higher order modes are radiated out from the core in the taper and then 
stripped away (and partially absorbed) by the high index gel which covers the taper. The mode 
stripping arrangement is such that it takes place along a certain length to distribute the heat 
generated by the remaining unabsorbed pump and the radiated higher-order signal modes. The 
taper is cooled to prevent any damage from leaking high power light. The estimated unabsorbed 
pump power is only a few watts. No thermal damage was observed in the SMF section or the 
taper, even with 140 W of launched pump power. 
The grating was manufactured in-house by Dr M. Ibsen and packaged in a way so that it 
can be tuned from 1533 to 1578 nm based on a grating compression technique [23]. The grating 
fibre is terminated by an angle-cleave to avoid any reflection which could lead to spurious 
lasing at other wavelengths, e.g. at 1.1  m by the Yb ions. 
The EYDF is pumped by a diode stack based source at 977 nm. A dichroic mirror (DM) 
with high reflectivity at ~1.5  m is used to separate the pump radiation at 977 nm from the 
output of the tuneable laser around 1550 nm. A second DM with a high reflectivity at ~1.1  m 
is also inserted between the pump and launch end to filter out any laser emissions at 1.1 mm 
which, due to the excitation of Yb ions, might have damaged the pump. Finally, the pump 
launch end of the fibre is held in a water-cooled metallic V-groove that is designed to prevent Chapter 7: High-power continuous-wave cladding-pumped Raman fibre lasers 
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The output beam quality of the MOPA corresponds to an M² of ~ 8.5, because of the 
multi-mode nature of the EYDF. The output beam is free-spaced launched into the DCRF via a 
set of lenses. It would also be possible to splice the EYDF directly to the DCRF, but because of 
the  core  size  mismatch  this  was  not  attempted.  The  remaining  unabsorbed  pump  power  at 
972 nm is removed by a dichroic mirror, so it is not launched into the DCRF. The 1552 nm 
pump beam is reflected by a dichroic mirror which transmits wavelengths longer than 1650 nm, 
before being launched into the inner cladding of the DCRF, through an angle-cleaved end. 
About 60% of the 1552 nm pump is launched into the DCRF. 
The Raman gain medium consists of a 1.2 km long piece of the same DCRF as before, 
but with lower loss. Now, the inner-cladding loss is 2 dB/km and the core loss is 2.3 dB/km
4. 
The DCRF output end is spliced to a 1 metre long piece of SMF-28. A high-index gel is used to 
strip all the unwanted modes and also to protect the high-index coating of the single-mode fibre. 
The splice loss for the core mode is evaluated to be less than 0.5 dB from equation (2.12), while 
all other modes are lost at this point to un-guided radiation modes. The Raman laser cavity is 
formed with a narrowband (~0.4 nm) highly-reflective FBG at 1660 nm, written in the core of 
the DCRF, placed at the 1552 nm pump launch end, and a laser output coupler formed by a flat 
cleave in the SMF-28 fibre. The highly reflective FBG has a reflection of 80% at 1660 nm. 
Thus, some leakage from the Raman laser in the backward direction is expected. Therefore, a 
protective dichroic mirror is used to prevent the 1660 nm radiation from being fed upstreams 
into  the  MOPA.  The  transmission  spectrum  of  the  grating  is  shown  in  figure  7.7.  It  was 
measured with an OSA by injecting a broad linewidth signal into the core of the DCRF. 
                                                       
 
 
 
4 In this experiment (alone), the background of the DCRF is lower than previously. Indeed, using a high 
resolution  optical  time-domain  reflectometer,  several  small  sections  of  the  DCRF  were  found  to  be 
defective (most likely because of the high-germanium concentration). Subsequently these sections were 
removed and the fibre re-spliced which reduced the overall background of the fibre after re-measurement. Chapter 8: Pulsed cladding-pumped Raman fibre laser sources 
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content. The source delivers 34 mW of output power without any spurious lasing. If the ASE 
source  is  switched  off,  the  EDFA  starts  to  lase  because  of  the  high  small-signal  gain  in 
conjunction with various reflections that create a cavity with the FBG in one end. The amplified 
pump is then modulated and further amplified by a consecutive set of acousto-optic modulators 
(AOM) and optical amplifiers. The first amplifier is a commercial core-pumed EDFA (Nortel). 
The  final  amplification  stage  consists  of  a  high-power  EYDFA  delivering  up  700 mW  of 
average power in the present pulse regime. Both AOMs are modulated by electrical pulses of 
100 ns  duration  at  100 kHz  repetition  rate,  to  avoid  any  self-Q-switching  in  the  amplifiers 
resulting from a high MOPA gain between pulses and thus to avoid damaging any components. 
Also, the commercial EDFA has a restricted input power range which does not allow for low 
repetition rate operation because the average input power becomes too low. Furthermore, the 
peak power is limited by the temporal stability and the noise of the ASE pulse. 
The pump source output spectrum is shown in figure 8.2. In order to simulate a multi-
mode output, the pump brightness is reduced by splicing, with an offset, the single-mode output 
fibre into a 1 m long multi-mode fibre which is coiled in such way it provides good mode 
scrambling. The output M
2 is measured around 4.5. 
By  design,  the  cladding-pumped  fibre  Raman  amplifier  must  be  operated  above 
1640 nm, in order to provide a single-mode output. With the pump source used, the Raman gain 
peaks at ~ 1663 nm, so fulfills this condition. However, because there is no readily available 
conventional  source  at the  operation  wavelength  of 1663 nm,  a  rather  complex  set-up  of  a 
Raman ring laser is used as a seed source. A high-power, tuneable fibre ring laser operating at 
1547 nm, consisting of an EYDFA and a filter, pumps a Raman fibre ring laser. The Raman ring 
laser consists of a 2 km long, highly non-linear fibre (Sumitomo HNRAC-2), an output coupler 
with a large feedback, to slightly broaden the spectrum, as shown in figure 8.3, and of a WDM 
coupler to inject the pump co-directionally into the ring laser. An L-band isolator is inserted into 
the  feedback  loop,  after  the  output  coupler  and  before  the  WDM  coupler  to  ensure  uni-
directionality of the lasing. Finally, a variable-optical attenuator is placed in front of the laser, 
outside the laser cavity, so that the output power can be varied up to a maximum power of 
58 mW, without modifying the spectral content at 1663 nm. Chapter 8: Pulsed cladding-pumped Raman fibre laser sources 
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the small fraction of the pump pulse corresponding to the highest peak power is depleted and 
used  to  create  gain  at  the  Stokes  wavelength.  By  increasing  the  pump  power,  Raman 
amplification starts and the small-signal peak gain reaches 50 dB for a 1 mW seed power level. 
Then the DCRF length is increased to 850 m, which results in a higher gain, as shown in Figure 
8.8.b), thanks to the longer pump-signal interaction length. In this case the greatest small-signal 
gain is achieved for a pump power of 70 W. However, at higher pump power, i.e., 105 W, the 
Stokes  beam  itself  is  depleted  to  generate  a  spontaneous  second  order  Stokes  beam.  The 
generation of second Stokes power strengthens with the increase in the input seed power. Thus 
with high pump power, some of this is lost to the second Stokes with higher seed power. It is 
clear that pump peak power and fibre length must be adjusted to reach the optimum  gain. 
Finally, with the longest fibre (Figure 8.8.c), the overall performance is the worst, except for the 
small-signal  gain  of  the  lower  pump  power.  The  performance  decline  is  due  to  the  higher 
background loss in the long fibre on the one hand and the second Stokes generation on the other. 